ABSTRACT: This study aimed to investigate the primary immunogenicity and the long-term efficacy of recombinant hepatitis B virus (HBV) vaccine in biliary atresia (BA) children. Fifty BA infants (age, 11 Ϯ 3.9 mo), and 23 BA patients at childhood (age, 8.5 Ϯ 0.22 y) were included for the evaluation of HBV surface antibody (anti-HBs) levels after three doses of recombinant HBV vaccine immunization. Age-and gender-matched healthy infants (n ϭ 50) and children (n ϭ 23) were enrolled as the control group. Serum samples of the study populations were collected for HBV seromarkers determination. In the absence of hepatitis B virus core antibody and HBV surface antigen, serum anti-HBs level above 10
B
iliary atresia (BA) is a lethal cholestatic liver disease of early infancy and is the leading cause of liver transplantation (LT) in children (1, 2) . In such children, hepatotropic viral infections such as hepatitis B virus (HBV) may induce further hepatocyte damage (3) . In an HBV hyper-endemic area such as Taiwan, the efficacy of vaccination against HBV infection is an important medical issue in BA patients.
With the implementation of the universal HBV vaccination program for infants in Taiwan in 1984, the prevalence of HBV infection decreased significantly in the pediatric population (4 -7) . However, the prevalence of HBV infection in the population born before this mass HBV vaccination remained high, and these subjects might serve as the source of HBV infection. Because of the shortage of donor organs, some donors with negative hepatitis B virus surface antigen (HBsAg) and positive hepatitis B virus core antibody (antiHBc) still serve as living related liver donors in Taiwan (8) . Recipients with these liver grafts are prone to the development of de novo HBV infection after LT, and adequate serum hepatitis B virus surface antibody (anti-HBs) titers may prevent this complication (9) .
Adequate humoral immune response to HBV vaccines is a T-lymphocyte dependent immune reaction (10, 11) . Impaired T-lymphocyte function among BA patients with jaundice has been demonstrated in our previous study (12) . The primary immune response and long-term efficacy of T-lymphocyte dependent HBV vaccine in BA children need to be further investigated.
The response rate to HBV vaccine in BA children is only 73.3% in a previous study, which is much lower than that of the general population (3) . However, the majority (85.5%) of children in the previous series received plasma-derived vaccine, and only eight children (14.5%) received recombinant HBV vaccine (3) . Because there has been no study that assessed either the primary immune response or the long-term efficacy of recombinant HBV vaccine in BA patients, this study was conducted.
METHODS
Subjects and study design. This was a cross-sectional study where two groups of BA patients were recruited: (1) BA patients at infancy (7-18 mo), to assess the primary immune response to recombinant HBV vaccine, and (2) BA patients at later childhood (7-10 y), to assess the long-term efficacy of recombinant HBV vaccine. From 1994 to 2007, a total of 73 infants diagnosed as BA after a Kasai operation (27 boys and 46 girls) aged between 7 and 18 mo who underwent venous blood sampling at the Department of Pediatrics, National Taiwan University Hospital with permission from their parents were enrolled into our infant BA group. Another 40 BA children aged 7-10 y (16 boys and 24 girls) were enrolled as the childhood BA group. 1 None of the patients received transplantation before our assessment. The diagnosis of BA was established by intraoperative cholangiogram. There was only one child diagnosed as BA with splenic malformation in our series. This child received two doses of HBV vaccine, and was not eligible to be included into statistic analysis. Twenty-three BA infants (31.5%) and 17 childhood BA patients (42.5%) who received less than three doses of recombinant HBV vaccine were defined as incomplete HBV vaccination, and were excluded from this study. The remaining 50 BA infants (68.5%) and 23 childhood BA patients (57.5%) who received three doses of recombinant HBV vaccines were the subjects for the final analysis.
Age-and gender-matched healthy controls aged between 7 and 18 mo (n ϭ 50) and 7-10 y (n ϭ 23) were randomly sampled from our previous HBV seroepidemiologic survey in Taiwan, and were negative for both HBsAg and anti-HBc markers (7) . All of the controls had received three doses of recombinant HBV vaccines on routine schedule.
Immunization history for HBV in these children was confirmed through a review of medical records, vaccine registration system from Centers for Disease Control of Taiwan, as well as the personal vaccine booklet record provided by the Department of Health of Taiwan.
The nutritional status of all of the study subjects, including body weight, body length, body mass index (BMI), and serum albumin levels were measured at the time of blood sampling. The study protocol was approved by the institutional review board and the ethics committee of this hospital. Informed consent was obtained for every child in this study.
HBV vaccination schedules. All children in Taiwan received recombinant HBV vaccines with either 5 g of Recombivax-HB (Merck, NJ) or 20 g of Engerix-B (GSK, Middlesex, UK) at birth, and at ages 1 and 6 mo as the standard vaccine schedule after July 1, 1992. At the same time, 100 IU (0.5 mL) of HBV immunoglobulin (HBIG) was also given within 24 h of delivery to infants whose mothers had HBV e antigen or serum HBsAg titers above 2560 by reverse-passive hemagglutinin assay.
Subjects who received either the first dose of HBV vaccine before 7 d of age, the second dose between 1 and 1.5 mo, and the third dose between 6 and 6.5 mo was defined as on-schedule HBV vaccines. The rest were defined as out-of-schedule HBV vaccines. All of the children were born after 1993 and received recombinant HBV vaccines for active immunization against HBV infection. In the childhood BA patients (7-10 y), no patients received a booster dose of HBV vaccine after the standard three doses of recombinant HBV vaccine before our assessment.
Blood analysis. These serum samples were processed and stored at Ϫ80°C refrigeration within 12 h of blood sampling. These stored serum samples were then evaluated for serum total bilirubin, albumin, and alanine aminotransferase (ALT) levels by an auto-analyzer (Hitachi 736, Tokyo, Japan).
HBV serologic tests. Blood samples were obtained at least 1 mo after the third dose of recombinant HBV vaccine in both infant (median, 5 mo; range, 1-12 mo) and childhood groups (median, 8 y; range, 5.5-9.5 y). HBV seromarkers, including, HBsAg, anti-HBs, and anti-HBc were assessed by radioimmunoassay (Abbott Laboratories, North Chicago, IL) available at the Department of Laboratory Medicine, National Taiwan University Hospital.
In the absence of anti-HBc and HBsAg, children with serum anti-HBs titer below 10 IU/L after the three doses of recombinant HBV vaccine were defined as inadequate immune response to HBV vaccine. Serum anti-HBs level Ն10 IU/L was defined as adequate response to recombinant HBV vaccine. Among adequate HBV vaccine responders, serum anti-HBs level between 10 and 100 IU/L was defined as low response whereas above 100 IU/L as good immunogenicity (3) .
Statistical analysis. Statistical analyses were performed using the STATA package software (StataCorp LP, TX). One-way analysis of variance test, t test, and the Mann-Whitney U test were used for analysis of all continuous data. 2 or Fisher's exact test were used for categorical variables and outcomes. Logistic regression model was used to identify factors associated with the failure of HBV vaccine. Backward stepwise multiple logistic regression was applied to determine the possible significant factors and the outcome of adequate immunogenicity to HBV vaccines. A p value Ͻ0.05 was defined as statistically significant.
RESULTS
General characteristics. The general characteristics of BA patients and their matched controls are summarized in Tables  1 and 2 . BA children had lower serum albumin, higher total bilirubin, and higher ALT levels. In the infant BA group, 10 children (20%) had a serum total bilirubin level below 2 mg/dL (1.1 Ϯ 0.5 mg/dL) whereas another 40 (80%) had serum total bilirubin level Ն2 mg/dL (16.5 Ϯ 10.8 mg/dL). These jaundiced BA infants had lower body weight, body length, and serum albumin levels (p ϭ 0.007, 0.006, and 0.03, respectively) when compared with nonjaundiced BA infants.
Only four children (17.4%) in the childhood BA group had serum total bilirubin level Ն2 mg/dL (median, 3.56 mg/dL; range, 3.1-3.96 mg/dL). There was no statistical difference in the clinical parameters, including body weight, body length, BMI, serum albumin, and ALT levels between jaundice and nonjaundiced childhood BA patients by Mann-Whitney U test.
Vaccination history of the study population. Thirty-eight BA infants (76%) received the first dose of recombinant HBV vaccine before 7 d of age, 30 (60%) received the second dose between 1 and 1.5 mo old, and 19 (38%) received the third dose between 6 and 6.5 mo old. Only 12 BA infants (24%) received all three doses of recombinant HBV vaccine on schedule.
Reasons for the delay of vaccination included prolonged hospitalization, chronic illness, and frequent infections. Among the BA infants, 10 (20%) had HBsAg positive mothers, and eight received HBIG within 24 h of birth to prevent maternal transmission.
Serum anti-HBs level. The anti-HBs titers of BA patients and the control population of the infant and childhood groups are summarized in Table 3 . There was a significant difference between BA infants and their matched controls in the primary response to recombinant HBV vaccines (p ϭ 0.001). There were more cases with inadequate immune response to HBV vaccine (28% vs. 6%, OR ϭ 6.09, 95% CI ϭ 1.73-21.20, p ϭ 0.006) in BA infants. Among those who had adequate immune response to recombinant HBV vaccine, there were fewer BA infants with serum anti-HBs above 100 IU/L after the third doses of HBV vaccine when compared with the control group (58.3% vs. 83.0%, OR ϭ 0.29, 95% CI ϭ 0.11-0.77, p ϭ 0.013).
Twelve (30%) jaundiced (n ϭ 40) and 2 (20%) nonjaundiced BA infants (n ϭ 10) had inadequate serum anti-HBs titer after complete vaccination. There was no obvious difference in the prevalence of inadequate anti-HBs titer between jaundiced and nonjaundiced BA infants (30% vs. 20%; risk difference, 0.1; 95% CI, Ϫ0.19 to 0.39; p ϭ 0.70) in our study. The prevalence of children with inadequate anti-HBs titers in the childhood BA group was not different from their matched control (p ϭ 0.161). Only 12 (24%) BA infants (n ϭ 50) received HBV immunization on-schedule in our study population. The response to HBV vaccine was not different between on-and out-ofschedule vaccines (27.0% vs. 30.8%, OR ϭ 0.83, 95% CI ϭ 0.22-3.12, p ϭ 0.80) in this series.
Regarding serum anti-HBs as categorical outcomes, Fisher's exact test also showed no difference between on-schedule and out-of-schedule HBV vaccines in BA infants (Table 4 , p ϭ 0.255). Among BA infants with adequate and inadequate response, there was no statistical difference in the age of each HBV vaccine dose, the interval between each doses of HBV vaccine, nutritional status, serum ALT level, and total bilirubin levels ( Tables 4 and 5 ). Serum anti-HBs titers of those who received HBIG (n ϭ 8) were not different from those who did not receive (n ϭ 42) (p Ͼ 0.05). No significant difference was identified in the immunogenicity to HBV vaccines between the offspring of HBV infected mothers (n ϭ 10) and those of HBV noninfected mothers (n ϭ 40) (p Ͼ 0.05).
Two BA infants received a booster dose of recombinant HBV vaccine after our assessment because of inadequate anti-HBs titers before LT. Both achieved adequate serum anti-HBs levels after the booster (one subject with initial anti-HBs 0.1 IU/L achieved 181.5 IU/L, and the other from 8.6 IU/L to 18.7 IU/L after the booster dose).
Effects of nutritional status and HBV dose intervals on the anti-HBs level. BA patients with cholestatic jaundice had poorer nutritional status in our series when compared with the general population. At the same time, delayed HBV vaccination schedule might have also impaired the immunogenicity of the HBV vaccine. To exclude the possible confounding effects of poor protein-calorie status and untimely HBV vaccine schedule, we applied stepwise multiple logistic regressions to Serum anti-HBs titer below 10 IU/L is defined as inadequate immune response to HBV vaccine. Serum anti-HBs level between 10 and 100 IU/L is defined as low response and above 100 IU/L as good immunogenicity. * Fisher's exact test was used to test the difference between biliary atresia and control groups in the variable humoral immune response to HBV vaccine.
Table 4. Humoral immune response in on-and out-of-schedule HBV vaccinees after complete HBV immunization in biliary atresia infants

Anti-HBs titers
On-schedule vaccines (n ϭ 12) Out-of-schedule vaccines (n ϭ 38) Those who received the first dose before 7-day-old, the second dose between 1 and 1.5 month-old, and the third dose between 6 and 6.5 month-old were defined as "on-schedule" HBV vaccinees. Others were defined as "out-of-schedule" HBV vaccines.
* Fisher exact test was used to test the difference between on-schedule and off-schedule BA infants in the variable humoral immune response to HBV vaccine.
analyze the correlation between response to HBV vaccine and BMI, serum albumin level, body weight, body length, serum bilirubin levels, dose intervals, and the presence or absence of BA in the infant study group. A negative correlation between the diagnosis of BA and vaccine response was identified (coefficient ϭ Ϫ1.81; SE ϭ 0.67; R 2 ϭ 10.07%; 95% CI ϭ Ϫ3.13 to Ϫ0.49; p ϭ 0.007). However, the correlation coefficient of serum albumin level, bilirubin level, HBV vaccine dose interval, and parameters of nutritional status with serum anti-HBs level were not significant (p Ͼ 0.05).
DISCUSSION
Poor humoral immune response to various vaccines including Haemophilus influenzae type B-polyribosylribitol phosphate vaccine and HBV vaccine have been reported in BA patients (3, 13) . At the same time, poor immunogenicity to HBV vaccine immunization has also been noted in several immunocompromised conditions, such as end stage renal disease, human immunodeficiency virus infection, and alcoholic liver disease (11, 14, 15) .
Adequate humoral immune response to HBV vaccine is mainly a T-lymphocyte dependent immune process and impairment of T-lymphocyte function adversely affects immune response (3, 14, 16) . Impaired T-lymphocyte proliferative function has been demonstrated in cholestatic animal models, and in cholestatic liver diseases such as BA by our previous study (12, 17, 18) . The phenomenon of poor primary immunogenicity to recombinant HBV vaccines in BA patients may partly be due to T-lymphocyte defect which was also observed in patients with end-stage renal disease and AIDS (14, 16) .
Routine HBV vaccination schedules were delayed in many BA patients because of frequent hospitalizations and infections. Our analysis does not demonstrate significant difference in the effectiveness of recombinant HBV vaccines between on-and out-of-schedule HBV vaccines.
There was no difference in the timing of each HBV dose and in dose-intervals between BA infants with and without adequate anti-HBs titers. Logistic regression analysis also did not identify any association between the adequacy of humoral immune response between HBV doses and doses interval. Thus, a delay in HBV routine schedule may not be a significant confounding factor in poor immunogenicity to recombinant HBV vaccine in BA patients.
Chronic malnutrition is another possible contributing factor that depresses systemic immune function (19) . To exclude the possible effect of poor nutritional status on the adequacy of HBV vaccine response, multiple logistic regression statistics was applied to see the correlation of these factors. The analysis showed no correlation between nutritional status and serum anti-HBs titers. However, limited cases of jaundiced BA children (7-10 y of age) were enrolled in our series, which disabled us to evaluate the effects of long lasting jaundice on the natural waning of serum anti-HBs titers in jaundiced BA children.
As a cross-sectional study, we can only observe the prevalence of serum anti-HBs titers at two different age levels in our study subjects. The age-specific prevalence of individuals with adequate serum anti-HBs titers between BA children and healthy control is similar in our childhood group, but differed in our infant groups. It is reasonable to deduce that the primary immune response between BA infants and healthy infants differed in our series. Serum anti-HBs titers waning after vaccination has been observed in the normal population (20, 21) . In our childhood group, all of the study subjects are negative for antiHBc and all received only three doses of recombinant HBV vaccine at infancy. Thus, subjects with adequate anti-HBs titers enrolled in the childhood group (both BA and control group) must acquire their immunity against HBV after the scheduled HBV immunization in infancy. At 7-10 y of age, BA children's humoral immunity to HBV vaccine is similar to the controls' should they receive standard vaccination. In conclusion, our study demonstrates a poor primary immunogenicity to HBV vaccines in BA infants after the standard three doses of recombinant HBV vaccines. However, once adequate humoral immunity against HBV is achieved, the long-term protection against HBV in BA patients is comparable with the general population. Nutritional status and delayed HBV schedule are not confounding factors in HBV vaccine immunogenicity. Maintaining timely HBV vaccination should be encouraged.
